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1.0. INTRODUCTION

This report describes the production of 200 T-142 tank-pads
cured with high energy electron beams and the results of a

1vlarge array of experimental studies to optimize the rubber .

formulation and irradiation conditions for these pads. This
work confirms that the high energy electron beam curing method
is a feasible and available technology.

This work was performed under Army contract DAAEO7-84C-R086 by
the University of Maryland's Laboratory for Radiation and
Polymer Science.

2.0. OBJECTIVE

This study is designed to improve the performance of elastomer
pads used on track vehicles. The approach is to determine a
formulation that can be cured by high energy electron beams
under conditions which are practical, economical and safe.
Among the parameters to be optimized to achieve this objective
are a base elastomer, a crosslink sensitizer, and electron beam
energy.

3.0. CONCLUSIONS

3.1. Electron Beam Pad Processing Feasibility -Y

As demonstrated by the production of 200 T-142 tank-pads
under this contract and by the discussion in par. 5.2, radi- .

ation curing of tank-pads by electron beam processing is
feasible and the technology is commercially available.

3.2. Residual Activity

As measured experimentally and demonstrated theoretically,
there is absolutely no significant residual activity of the pad
or pad assembly from electron beam curing.

3.3. Quality of Radiation Cured Tank-Pads

At this writing, field testing of the 200 T-142 pads has yet
to be performed. The pads are divided into two groups: 100
have a front-surface dose of 10 megarad (Mrad) and the re-
maining received a dose of 15 Mrad.

Mechanical property tests do not generally correlate well
with field service. Nevertheless it is noteworthy that results
obtained by others on the sulfur-cured pads are comparable to
those we obtained on the radiation-cured pads we prepared in

8
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nearly all tests and that our radiation-cured pads of similar
composition are superior to the sulfur-cured pads in several
significant tests (See pars. 3 & 5). The following general
results have been observed.

"Hot tear strength, a test thought to correlate with
the major failure mode of tank-pads, is better than
the best sulfur cured formulations.

" rorack initiation and crack growth test results are
excellent.

" Ozone resistance of the pads is excellent.

On the other hand, heat buildup is an area of concern. We
believe this shortcoming would be overcome in the electron-
cured butadiene rubber (BR) we have discovered but have not had
sufficient opportunity to develop.

3.4. Potential for Improvement of R~adiation Cured Formulations

Evidence presented in a patent disclosure we have filed on
our discovery of crystallinity in a stretch-oriented radiation-
cured blend of BR with syndiotactic-l,2-polybutadiene (R) (see
APPENDIX A) suggests there is a great potential for pad appli-
cation. These observations were made too late to allow us to
investigate adequately the possible use of such formulations in
the preparation of the 200 T-142 pads specified for delivery in
accordance with this contract (see par 4.0.).

4.0. RECOMMENDATIONS

Laboratory tests as discussed in this report justify a more
detailed and extended development program of suitable electron

beam cured elastomeric formulations. We have particular faith
in the prospects relating to our patent disclosure on the
discovery of crystallinity in a stretch oriented blend of
BR with R. Butadiene rubber as usually made has excellent
abrasion resistance and heat dissipation properties which make
it attractive for pad application. However, its poor tensile
properties have limited its application. Our discovery of a
blend of BR with R which induces crystallinity upon stretching
when it is radiation-cured with modest doses (and not upon

* sulfur-curing) greatly improves these mechanical properties.

While the BR-R blend is of special interest, there is also
substantial promise in sensitized styrene-butadiene rubber
(SBR) formulations. The apparent failure of the polyfunctional
additives to reduced dose requirements substantially can most
likely be overcome by changes in the conditions and order of

9
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blending operations. We recommend such a development program
be pursued.

5.0. DISCUSSION

This section begins with background information and a survey of
literature reporting the mechanical properties of radiation-
cured elastomers. This is followed by a detailed discussion of
the tank-pad electron beam curing process. Next is the
important section describing the final deliverables of this
contract. The final section discusses the extensive laboratory
studies performed to optimize dose and formulation for the
electron-cured pad.

5.1. Background

When rubber track is examined microscopically, pockets of
the rubber's individual components are observed. This inhomo-
geneous mix of vulcanized agents can give rise to spatial
crosslink distributions which cause the track's failure in the
field. A more even crosslink distriubtion or one tailored to
overcome specific failure modes may prove to be especially
important when the tank's entire 60-ton weight sits on a few
tracks. Under these conditions, uneven crosslink distribution
would certainly tend to induce their failure.

Ionizing radiation provides a method for curing plastics and
rubber in the absence of chemical curing agents and produces a
spatially-uniform crosslink distribution. Although gammas from
cobalt-60 could provide the penetration required to cure treads
one-two inches thick, its dose rate is too low to maintain
reasonable processing rates or compete effectively with
oxidative degradation. Most electron devices (1-4 million
electron volts (MeV]), on the other hand, are unable to
penetrate the tread's entire thickness. A possible solution is
high-energy electrons (10 MeV) from a linear accelerator.
These electrons could provide the penetration at a dose rate
consistent with processing considerations.

5.1.1. Mechanical Properties of Radiation-Cured Elastomers.
The motivation to apply high electron beam processing tech-
nology to tank-pad production is more fully understood after
examining the mechanical properties of radiation-cured elasto-
mers and the advantages of radiation cure over sulfur cure. To
date, tank-pads are made with an SBR base and are crosslinked
by traditional sulfur vulcanization. Sulfur, sulfur activators
and accelerators, and the other additives are compounded into
the uncured SBR and formed by heat under high pressure in the
mold to form a network of sulfide and polysulfide crosslinks.
Ionizing radiation, alternatively, produces chemically active

10
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radicals, ions, and excited molecules directly on the polymer
chains, and on the crosslink promoters if present, which then
react to form the rubber network. The literature data availab-
le on the mechanical properties of radiation cured systems is ,
relatively sparse.

Early data from the 1950's and 1960's showed that the tensile
strength of sulfur-cured rubbers was markedly higher than that
of radiation-cured samples. Recent data primarily on SBR,
however, demonstrate that tensile strength and energy at break
of radiation-cured samples are only a few percent lower than
those of sulfur-cured samples, while the flex life mea'7urements
of radiation-cured samples are superior by a factor of two.
Bohm has recently reviewed all of the small amount of data
available on the mechanical properties of irradiated rubbers.
He has analyzed both the large discrepancies between early and
more recent data, as well as the small differences in proper-
ties reported in recent data between sulfur- and radiation-
cured samples, and has concluded that radiation-cured rubber
has mechanical properties nearly equal to those of sulfur-cured
rubber.

Both of the issues analyzed by Bohm have been difficult to
explain theoretically. Well developed rubber elasticity
theory predicts the modulus of unfilled rubber systems and some
filled systems. Tensile theory accurately relates energy at
break to hysteresis, and both of the theories apply to radi-
ation-cured rubbers. However, neither is sufficient to
explain the differences in radiation and sulfur-cured physical
property data. Hence, most discussion of these data is specu-
lation about the influence of various factors which affect the
mechanical properties of rubbers.

Six general factors affecting the mechanical properties of
rubbers and associated interpretation of observed mechanical
property data are summarized below.

• The size, shape, and activity of fillers and the
blending procedure.

Polymer backbone modification during the crosslinking
process. An example is the 40C rise in glass transi-
tion temperature (T ) of SBR after sulfur vulcani-
zation because of t~e sulfur graft to the polymer
chains. Also, this factor is suggested as a major
reason for the large discrepancy in early data showing ft

radiation cured sample tensile strength much inferior
to that of sulfur cured samples. High doses and low
dose rates, typical of gamma ray source irradiations
of early investigators, are thought to have caused % "
poymer backbone degradation and corresponding inferior

j 11 . . °.d
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properties.

Intermolecular forces among polymer chains.

* Concentration of network crosslinks. This is possibly
the most important characterization of an elastomeric

* network. Mechanical property data are commonly
plotted against crosslink density. 200 percent and " "'"t
300 percent modulus are frequently used indicators
of relative crosslink density. Radiation and sulfur- - -

cured elastomers should, in general, be compared at
the same crosslink density.

* Chemical nature of the crosslinks. This was a popular
explanation evoked to explain the early data that
sulfur-cure tensile strength is much higher than that
of radiation-cure. Bateman argued that the lower
thermodynamic strength of S-S versus C-C bonds results
in S-S bond slippage under stress to relieve localized
stress and avoid failure modes. However, Tobolsky and
Lyons reported relaxation of stress data at constant
elongation which indicate that S-S is no more labile
than C-C at room temperature, although it is more
labile at elevated temperatures. Lal more directly
refutes Bateman by converting S-Sn-S crosslinks to S-S
links with no resulting change in physical proper-
ties. Also, Bohm polymerized ethylene-propylene-diene
monomer rubber (EPDM) with a polyfunctional monomer
which is very reactive to both sulfur cure and
radiation cure, hence specifying the crosslink
distribution in both systems. In these systems, where
the type of crosslink should be the only variable -
affecting mechanical properties, the tensile strength
in the radiation samples is within 7 percent of the
sulfur-cured system.

* Spatial distribution of crosslink density. To explain
the earlier data showing large superiority in strength
of sulfur cure, a disparity of crosslink density
distribution uniformity on the molecular level was .
proposed. Gehman proposed a random, uniform crosslink
distribution for the radiation system and a nonuniform
distribution for the sulfur system due to a tendency
to form vicinal crosslinks. An analysis of these
crosslink distributions indicates that the sulfur W
system results in a more uniform distribution of chain
length between links, Mc, which leads to a less
stressed, stronger network.

To explain small discrepancies in recent property data of
radiation- and sulfur-cured samples, a disparity of crosslink

12

°°.."°1°



density distribution on the molecular level was again
proposed. However, Bohm proposed that the sulfur system has W
a uniform crosslink density distribution while the radiation
sample has an increased crosslink density near carbon black
particles due to an increase in energy dissipation surrounding
the relatively high density particles. Increased crosslink
density resulting from increased energy dissipation around more -

dense fillers in polyethylene (PE) systems has been reported
before, but replicate experiments at other laboratories fail to
confirm such a phenomenon.

5.1.2 Radiation Cure Advantages. Radiation curing has many
* potentially attractive features, such as cold cure, cure

without chemical additives, and in some cases energy, space,
time and cost savings. However, a particularly attractive
feature with respect to pad production may be radiation's
ability to readily adjust the spatial distribution of crosslink
density. A patent by Bohm provides an outstanding illus-
tration in which different layers of a composite are cured to
vastly differing crosslink densities using ionizing radiation.
This feature can undoubtedly help overcome specific elastomeric 4?

failure modes in a given application, and hence improve the
mechanical properties for that application.

Speculation concerning how radiation can improve mechanical
properties for tank-pad applications can be understood in light
of tank-pad failure modes. For off-road and gravel surfaces, -

"cutting and chunking" are reported to be the principal
failures. Cutting is caused when the pad hits a "road hazard,"
a rock or other sharp obstacle able to produce high point
stress, with enough force to penetrate or cut the surface.
Chunking can then follow by "scrubbing" the pad over rough or
sharp objects, or it can also occur as a first step. It should
also be noted that pad operating temperatures are high due to
hysteretic heat production. Under such failure conditions, a
network with high point tear strength at elevated temperature
(as measured by the hot tear test), high elongation and high
energy at break has been speculated to have optimum perf or-

7 mance. The optimization of these properties is balanced by
the fact that a network with very high energy at break leads to
high hysteretic temperature increases and another failure mode,
blowout.

A rubber with high point tear strength might be expected to ,.
form a uniform crosslink density spatial distribution of bonds
of high strength at elevated temperatures. It is clear that
the crosslink density distribution of sulfur crosslinked
systems is dependent on the microscopic dispersion level of
sulfur in the complex rubber formulation, and by any measure,
dispersion is not perfectly uniform. Also, the high tempera-
ture lability of S-S bonds is inferior to C-C bonds, as

13
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reported by Toboisky and Lyons. A radiation-cured system, on /

the other hand, is expected to have a crosslink density spatial
distribution of C-C bonds that closely follows the spatial
distribution of the dose. This is one potentially advantageousI.
property of radiation which offers promise for overcoming tank-
pad failures and hence improving the mechanical properties.
Another is that radiation curing can be used to provide a wide
range of specified spatial distributions of crosslinking
density designed to overcome failure modes. Development
studies are required to determine such desirable distributions.

5.2. Pad Production by Electron Beam

The technology for electron beam curing of tank-pads on a
production basis is feasible and currently available. The
techniques and results from electron beam curing employed to
produce the 200 T-142 pads of this contract are outlined in
this section.

5.2.1. Radioactivity. The best evidence that radioactivity is
not a problem is the fact that an industrial electron accel-
erator operating at 12 MeV has been processing materials for
consumer markets for years; neither the radiation facility nor
the products became radioactive. This is the facility at which
our pads were electron-cured. The radioactivity level in the
electron-cured pads is less than that found in un-irradiated
meat. The measured activity of the pads after electron beam
irradiation is reported in Table 5-1. It should be noted that
the maximum recorded activation level corresponds to less than -*

20 picocuries in a pad that weighs 3,000 grams. Calculated
activation per pad, using conservative numbers, was 80 pico-
curies per pad (See APPENDIX B). This is to be compared with
the radioactivity of natural potassium which is 750 picocuries
(30 decays per second) in a single gram.

5.2.2. Dose Depth Profiles. Dose depth profiles were both
theoretically calculated and measured. The experiment involved
slicing an actual T-142 pad at five locations parallel to the
metal backing plate. Six dosimeter packages were identically
positioned (See APPENDIX C) at each level. Each dosimeter
package contained three Far West dosimeter films calibrated at
the National Bureau of Standards traceable University of
Maryland cobalt-60 gamma source. The pads were reassembled
with dosimeters in place and irradiated at IRT Corporation to a
dose of 2.5 Mrads per side. The results are shown in Figure
5-1. (See also APPENDIX C). A quite flat profile is seen,
with a Dmax/Dm'n <1.3 in most positions. There is an antici-
pated area of tow cure directly behind the steel bolt (position
3).

Theoretical dose depth curves for two-sided irradiations using

14



Table 5-1. Activation Measurements of Irradiated Tank Pads

Time # of Completed Passes counts/min
Background Total Pad Activity

12:20 3 60 80 20
2:03 4 60 90 30
3:30 5 60 90 30
5:15 6 60 100 40
6:30 8 60 100 40

NOTE: Measurements were done during pad irradiations with j
plywood on steel side, J" plywood on rubber side, and
rubber stoppers on the bolts.

NOTE: 40 cou~/i (40 cnts/mmn) (1 min/60 sec) (1 Curie!
3.710 cnt/sec) (1014pC/Curie) =18 picocuries/pad.

154
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10.0, 10.25, 10.5, 10.75 MeV are given in APPENDIX D. The high
dose maxima expected from theoretical considerations was not
observed, probably because of our failure to place any dosi-
meters at points where the maxima should be observed.

The beam energy penetrating the pad can be manipulated in two
ways. The first is to vary the machine beam energy. This is
practical for a long production run of a pad of a specified
thickness. However, for a smaller number of pads, it is more
efficient to run the accelerator at its preset energy and to
degrade the beam energy before it strikes the pad. This was
done in the present work using k-inch plywood sheets. The dose
depth profiles, theoretical and corresponding experimental data
points, for the electron beam attenuation scheme used for the
pad irradiations is given in Figure 5-2.

It should be noted that a more consistently flat dose profile
may be achieved via a one-sided irradiation at an energy71
sufficient to penetrate the entire pad (17.5 MeV - see Fig-
ure 5-3). However, at this energy residual activities begin to
be a concern, and the only accelerator at which we could
perform the tests (Armed Forces Radiobiological Institute,
Bethesda, MD) was shut down.

5.2.3. Temperature Profiles. The relatively brief period
*available for selection of a combination of styrene-butadiene

dose indicates that our best results are in the range of a .,.-

10-15 Mrad dose. This leads to an absorption of 25-75 calories
per gram (cal/g). The temperature rise in an adiabatic
environment, such as would arise from an intense electron beam
delivering such a dose, would be intolerable if it were
delivered in a single irradiation.

Numerical solution of the time dependent equations for cooling
show that an optimum for production processing of pads is
reached with 6-7 Mrad per pass and a 15-minute cooling period
between passes in ice water. These results are derived
using the most conservative values for the dose depth profile
and thermal diffusivity.

For the production of the 200 T-142 pads of the contract,
2.5-Mrad dose increments were used with at least 60 minutes
between passes (at room temperature]. From Table 5-2 it is
clear that heat build-up is not a concern under these circum-
stances.

5.2.4. Process Specifications. The process specifications
from molding through electron beam curing are discussed in the
following paragraphs.
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Table 5-2. Temperature Measurements of Irradiated Tank Pads
. '.." .. %q

Thermocouple (*C) Thermistor('C)
Air Surface .?

Completed Passes *Time(min) 1 2 3 4 5 1 2 .

Pass #1 76 29 27 26 25 25 20 --
86 27 24 24 23 25 -- 26
98 25 23 23 23 23 -- 26

Pass #2 187 28 27 28 29 30 -- 28 .

197 28 27 28 28 29 21 27
217 29 29 30 30 30 . . --

Pass #4 370 30 30 32 34 35 22 29
380 30 30 30 32 33 -- 28
393 29 28 28 29 30 -- 28

Pass #6 514 33 32 33 33 33 22 31
(large to ) 524 33 30 32 32 32 -- 30

538 30 29 30 30 30 -- 29

Pass #8 684 30 29 30 32 33 20 26
(large to ) 694 29 28 28 29 32 -- 25 -

710 28 25 25 27 29 --

730 25 24 24 25 25 -- 23

*Time = 0.0 at beginning of irradiations

NOTES: T.C. #1 4 1.5 cm from rubber face of pad
#2 4 2.5 cm from rubber face of pad
#3 4 3.5 cm from rubber face of pad
#4 4 4.5 cm from rubber face of pad
#5 e 5.5 cm from rubber face of pad -

Thermistor #1 4 air temperature-b
#2 * surface temperature; at end of pad, 2cm

from rubber face of pad

to = [30 min + down time]
= time between irradiation and measurement of T.
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5.2.4.1. Molding. The 200 T-142 pads were molded at Firestone
Tire and Rubber Company under the supervision of Steve Brun-
ner. A crosslinking agent, shown to be mildly effective at low
concentrations (0.1 parts per hundred rubber (pphr) of 3,
9-divinyl -2, 4, 8, 10 tetraoxaspiro [5,5] undecane (DTUD), and
one-third of a typical sulfur loading were used in the formu- .-A
lation (see APPENDIX E). The partial sulfur cure insures
processability and proper form of the pads coming out of the
mold. When pads were formed without sulfur, they could not be
released from the molds without distortion.

The molding procedure went according to the following pro-
cedure. The bolt and backing plate were degreased and
cleaned. The bolt head and backing plate were coated with
adhesive Chemlock 205, air-cooled, coated with Chemlock 233,
and then assembled and put into the mold. The SBR was mixed
in a Banbury mixer and hot-extruded into strips, followed by
hot-extrusion into 6 in. by 6 in. by 8 in. blocks. The blocks
were water cooled and placed in the molds. The mold top plate
was at 300OF and the backing plate face at 2900F. They were
bumped three times to remove air pockets, cured for 70 minutes
(see APPENDIX E), cooled in the mold for 5 minutes, and re-
moved. The specific gravity was measured at 1.15. Trimming
was the only other treatment performed.

5.2.4.2. Adhesion. We had considerable concern over the
bonding of completely uncured pads to the backing plates and
devoted substantial efforts to solution of the problem.
However, with the partial sulfur cure described above, a .-

standard adhesion application procedure was followed with
commercial adhesives. The adhesion of the rubber to the
backing plate was excellent. It was as high as 270 lb/in and
was always greater than 150 lb/in.

5.2.4.3. Material Transport. The conveyor system at IRT which
transports the pads underneath the electron beam is automated
to correlate the conveyor speed with the beam current. This
keeps the surface dose to the pads constant. For commercial
production of pads, the conveyor or attachable conveyor
compartments could be designed to hold the pads perpendicular W-A
to the electron beam.

For the irradiation of the 200 T-142 pads, we designed wood pad
carriers to place on the conveyor system (See Figure 5-4). The
carriers kept the pads perpendicular to the beam as well as
providing the necessary beam attenuation.

5.2.4.4. Electron Beam Dose Uniformity. As mentioned earlier,
the automated conveyor system allowed for uniform doses in the
direction of conveyor travel. Figure 5-5 also shows that side-
to-side dose variations are also minimal(-5 percent).

21
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5.2.4.5. Accelerator Specifications. The electron accelerator
at IRT has an electron energy range of 6-16 MeV, with maximum
power at 12 MeV, the energy used for our irradiations. The
average beam current was 275 microamperes. The conveyor speed
was 1.5-2.0 ft/mmn. Maximum power is 8.5 kilowatt (kW). The ~'
beam width is 1.5 inches and scan width is 12-16 inches..4

5.3. Contract Deliverables

One hundred T-142 tank-pads irradiated to a surface dose of 10
Mrads and 100 T-142 tank-pads irradiated to 15 Mrads have been
delivered to Yuma Proving Grounds and await field testing.

The mechanical property tests of the delivered pads, as
specified under this contract, are listed in Table 5-3. It
should be noted that multitudinous additional mechanical
property test results are reported in par. 5.4. Many of the
mechanical tests were performed to our specifications at Fort
Belvoir Research and Development Center with the participation
of university research assistants.

From the formulation studies performed and from the data
available to date on the actual electron beam-cured pads, the
following general results are observed.

0Hot tear strength is high.

0 Resistance to crack, initiation, and growth are
high.

0ozone resistance is high.

*Heat build up may be troublesome.

We believe the shortcomings in heat build-up would be overcome
in the electron-cured butadiene rubber (BR) we have discovered
but have not had sufficient opportunity to develop.

5.4. Optimization Studies: Formulation and Dose Requirements

A wide variety of mechanical property optimization tests were
* performed. The main thrust was to find a radiation sensitizer

to lower the dose requirements for SBR and/or to improve
mechanical properties of otherwise promising BR. Due to the

* relatively short period of time for these studies, we were
unable to incorporate the most significant advances in the
formulations of the 200 T-142 pads for this contract. The
motivation for finding a radiation sensitizing agent, the
studies performed, the advances made, and the areas warranting
continued investigation are outlined in this section.
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5.4.1. Motivation for Radiation Sensitization. The first
reason to seek after an effective radiation sensitizing agent
is to lower the required cure dose. It has been reported that
high-radiation doses are required to cure SBR to the same
crosslink density as typical sulfur-cured systems when no
radiation crosslink promoters are present. A radiation cross-
link promoter lowers the dose requirements and the cost of
electron beam processing. Also, from a processing point of
view, lower dose requirements facilitate the process design
considerably. The adiabatic temperature increase of a 10 Mrad
dose to raw SBR is greater than 500C. So, if the cure dose
requirement is high, several passes through the electron beam
with extended cooling periods in between passes are necessary
in order to prevent overheating of the pads. The complication
of cooling baths and/or hold-up space and time could be avoided
if dose requirements were less than 15 Mrad. And finally,
lower dose requirements lower the degradative effects of
radiation which may occur at high doses. This may broaden the
declining edge of the hot tear strength versus dose curve to
allow a reasonably broad range of cure doses with acceptable
hot tear strength. Again, processing would be facilitated due
to a less stringent dose requirement.

Another motivation for finding a sensitization agent is in
order to overcome some of the strength shortcomings of BR, a
rubber in many other ways ideal for radiation-cured tank-pad .,
application. Stereospecifically polymerized polybutadiene
rubber (BR) has the highest rubber elasticity, the best
abrasion resistance, and the lowest heat generation when
compared with the other main synthetic rubbers and natural
rubber from Table 5-4. Besides, BR has unsaturated double
bonds which can be crosslinked by high energy sources such as
gamma-rays, electron beams, etc. The radiation yields of
crosslinking (G(x) values) of natural rubber (NR), BR, and SBR
are reported to be 2.0, 1.3 and 1.6 bonds per 100 electron volt
(eV) absorbed, respectively. Emulsion polymerized elastomers
such as SBR-1500 may contain up to 10 percent impurities
(catalyst fragments, emulsifiers, antioxidants, etc.,) which
often interfere with the radiation chemistry of the elasto-
mers. Also, a higher styrene-to-butadiene ratio leads to a re-
duction in the yield of crosslinks under irradiation. So
polybutadiene is a prime candidate material for tank-pad base
rubber provided its disadvantages can be overcome by suitable
additives.

5.4.2. Mechanical Property Tests - SBR. Tables 5-5 through
5-8 contain the formulations and mechanical property test ...

results of some SBR radiation-cured samples as well as the
mechanical property data from Belvoir Research and Development .'.
Center on the sulfur-cured analogs. Hot tear data are plotted
against cure dose for series A-F and G'-K in Figures 5-6 and
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Figure 5-6. Hot Tear Strength vs. Dose. SER (A-F)
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5-7, respectively. The shaded area gives the range of hot tear
values obtained by BRDC for the analog sulfur-cured samples.
The first outstanding observation is that radiation-cured a

systems can significantly increase an elastomer's high tempera-
ture point tear strength. The radiation-cured samples are
superior to the best sulfur-cured samples in hot tear strength
by more than 25 percent. These data are an initial experi-
mental indication that radiation-cured elastomers may be able
to overcome tank-pad failure modes and improve pad service
life. '.

Before looking more closely at the effect of the variable
parameters on the radiation-cured system, one more general .
observation can be made. The data are characteristic of a
system receiving higher and higher crosslink density as -
dose increases. For instance, in Series B, as dose increases
from 7 to 50 Mrad, 200 percent modulus increases from 80 to
1017 pounds per square inch (psi) while ultimate elongation
decreases from >1100 to 460 percent elongation.

5.4.2.1. Sensitization Agent. The first radiation sensitizer !.P
to be tested was 3,9 divinyl-2, 4, 8, 10 - tetraoxaspiro [5,5] p
undecane (DTUD). The effectiveness of DTUD as a crosslink
promoter can be seen in Figure 5-8, a plot of 200 percent
modulus against cure dose for a series of DTUD concentrations
ranging from 0.1 to 5.0 pphr. In the middle dose range, Series -:
B (0.1 pphr) affords a small increase in crosslink density at a . -s
given dose over Series A (0.0 pphr). However, as DTUD concen- I.. -

tration increases above 0.1 pphr, the crosslink density
decreases at any given dose (Series C-F). This indicates that
above very low concentrations, DTUD is not promoting cross-
links, but actually acting as a mild crosslink inhibitor. This
can be visualized more clearly in Figure 5-9, a plot of 200
percent modulus against pphr DTUD at constant dose.

The effect of DTUD on hot tear strength can be seen in Figure
5-10, a plot of hot tear strength against 200 percent modulus. ..
Since 200 percent modulus is a direct measure of crosslink . _
density, this allows comparison of hot tear strength with --

different DTUD concentrations normalized with respect to
crosslink density. This figure shows a general trend that
maximum hot tear strength is decreasing as DTUD concentration
increases, and that this maximum is shifting to lower crosslink
density.

Further insight can be gained by plotting hot tear strength
against pphr DTUD at constant crosslink density, as shown in
Figure 5-11. At low crosslink density (200 psi), the highest
hot tear strength is achieved in the samples with 2 pphr DTUD.
This maximum increases, as noted earlier, and shifts to lower
DTUD levels as crosslink density increases up to 400 psi.
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Above 400 psi, hot tear strength continuously decreases at an ..
increasing rate as crosslink density increases.

The effect of DTUD on tensile strength can be seen in Figure
5-12, a plot of tensile strength against 200 percent modulus
for the Series A-F. A similar general trend is observed in
that tensile strength decreases as DTUD concentration increases
at a given crosslink density. One additional noteworthy obser-
vation is that the maximum radiation cured sample falls only
10 percent lower than the maximum sulfur cured sample tensile
strength. This is in agreement with data reported by Bohm.

The first of two possible explanations of the poor performance
of DTUD as a crosslink promoter arises from looking at the
nature of divinyl-type crosslink. A crosslink reaction without
promoter results in thZ consumption of two radicals to produce
one crosslink:

A divinyl promoter may crosslink the radicals by two Y-links:

+ 11. +--

In this case, a crosslink has been formed and yet still two
radicals exist to form further crosslinks. One argument,
however, is that the radicals may be too sterically hindered to
react with another promoter molecule before they migrate to
each other and "die" by forming double bond. In the case of
DTUD, the crosslink looks like the following:

C 0
CH2 -CH CH-CH 2 .

The rings make each half of this link nearly planar. Hence the
steric hindrance would be small. Another problem with this
argument is that it does not account for the increase in
crosslink density at very low DTUD concentrations, and it does
not explain the effect of DTUD on the SBR physical proper-
ties.

The second possible argument which does explain the rest of the
DTUD data mentioned above is that DTUD fails to meet the major
requirement of a tank-pad radiation crosslink promoter. This
requirement is that the promoter be homogeneously dispersed in
the elastomer. If this requirement is not met, one advantage
of radiation cure over sulfur cure, the ability to create a
uniform crosslink spatial distribution, is negated. In this
case, the DTUD will tend to aggregate and homopolymerize upon
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irradiation, hence failing to act as a crosslink promoter as
Figures 5-8 and 5-9 indicate. However, at very low DTUD
concentration, as in series B where a small crosslink enhance-
ment was observed, the DTUD may be so diluted in the rubber %.N
network that it can not effectively aggregate and, therefore,
is able to promote crosslinking a small amount.

Aggregation of DTUD also explains the hot tear data reported__
here. Odian reported that divinyl-type crosslink promoters Z11

homopolymerize at a fast rate as compared to the rate at which
the elastomer itself crosslinks. Therefore, at low doses and
lower crosslink density, aggregations of DTUD would be already
homopolymerized. Such a system might conceivably have a higher
tear strength, due to the filler effect of these homopolymeriz-
ed aggregates, than the grossly undercured system without
DTUD. This corresponds with the data in Figure 5-11 indicating
maximum hot tear strength at 1-2 pphr DTUD at low system
crosslink density (200,300 psi).

At higher system crosslink density, the same line of reasoning
discussed in par. 5.1.2. may be applied. The sulfur-cured
systems were predicted to have a lower high-temperature tear
strength than the radiation-cured systems because of the
crosslink density nonuniformities resulting from sulfur
dispersion imperfections. Likewise, radiation-cured samples
with crosslink density nonuniformities due to homopolymerized
DTUD aggregates are expected to decrease in hot tear strength 4
as aggregate concentration increases. And indeed, at 200
percent modulus greater than 400 psi, Figures 5-10 and 5-11
show that hot tear strength continuously decreases as DTUD
concentration increaseG.

Factors contributing to the aggregation of DTUD within the SBR
are its melting temperature (Tm = 40-45*C) and its dielectric
constant relative to SBR. Since the melting temperature is
above room temperature, DTUD will tend to aggregate in order to
crystallize. The ether links in DTUD are one source of the
difference in dielectric constant with respect to SBR. It is
not clear which of these factors has the dominant effect, but
the data indicate that their combination results in a crosslink
promoter which is not homogeneously dispersed.

5.4.2.2. Antioxidant. The optimum antioxidant loading was
also investigated in this series of experiments. Grossman
warns that amine-type antioxidants are of "dubious value" in W"
Hypalon rubber systems. Also, he suggests that quinoline-type
antioxidants are consumed during irradiation and hence the high
temperature mechanical properties decrease once the antioxidant
is gone. This is the motivation for increasing the Agerite
Resin D concentration, the quinoline-type antioxidant, in order
to see if the high temperature physical properties also
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The results of the hot tear test for Series G'-K are given in
Figure 5-13 plotted against 200 percent modulus. There is no
significant increase in hot tear strength as Resin D concen-
tration is increased. However, since raising Resin D concen-
tration to 1.0 - 2.5 pphr has no apparent detrimental effect,
and since pads undergo prolonged high temperature service, it
appears advantageous to increase the Resin D level to 1.0 - 2.5
pphr.

5.4.2.3. Base Rubber. The final parameter varied in this
series of experiments was SBR-base rubber. As seen by gel
permeation chromatography (GPC) analysis, the three base SBR
rubbers employed are nearly identical in molecular weight
distribution. However, there are undoubtedly marked dif-
ferences in their heat histories, impurity level, etc., -
since they were produced by different manufacturers. The
objective in comparing these rubbers is to see the effect of -
these factors on hot tear strength.

S
Figure 5-14 is a plot of the hot tear results of each rubber
versus 200 percent modulus. It is clear that even nominally
identical base rubbers have different physical properties. -.

This opens a vast array of parameters to speculation when one
considers varying molecular weight as well as base rubber
composition itself (i.e., natural rubber, butyl rubber,
blends, etc.). It seems this result merely encourages
further study instead of leading to a conclusion.

5.4.2.4. Additional Sensitization Agents. The second series
of tests focused on determining an effective radiation cross-
linking agent by measuring the gel fraction of SBR with the
additive after irradiation. Trimethylolpropane trimethacrylate
(TMPTMA) (Aldrich Chem. Co.) was tested because of its success
seen in the literature as a radiation crosslink promoter of
other polymers. Another promising aspect of TMPTMA with
respect to the aggregation problems is that it is a liquid at
room temperature with a very high boiling point. However, it
is structurally quite dissimilar to SBR. The other cross-
linking agents employed were SBR and BR oligomers (Rycon 181,
100, and 131 from Colorado Chem Co, see Table 5-9). These
compounds have varying concentrations of 1,2-butadiene which
provides pendant vinyl groups to act as crosslink promoters.
It was hoped that controlling the concentration of pendant W
vinyls would allow preferential crosslinking over cyclization
of the vinyls. Also, since the oligomers are structurally
identical to SBR, it was hoped that the blending would be
completely homogeneous with no tendency to aggregate.

The results are summarized in Table 5-10. For a reason
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Table 5-9. Oligomer Sensitizing Agents

Materials
r _____

I Oligomers % St % vinyl m.w. viscosity (CP) Mote
U t

Rycon-181 30 20 3000 360,000~ 45 (SBR)
Rycon-131 0 20 -- --- (BR)
Rycon-100 20 70 2400 380,000@ 45 (SBR)
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Table 5-10. Gel Fraction Tests for Radiation Sensitizers -

SBR

(1) Comparison of Pure SBR to SBR + TMPTMA 5 PHR .--

Dose
rad 0 1 2 4 8 13

Gel%

SBR 0 0 0 26.4% 71.3% 80.5%
SBT 0 56.96% 69.84% 78.9% 86.5% 91.43%

(2) Comparison of Pure SBR to SBR + 100 (5PHR), SBR +100 (5 PHR,
Purified).e%?

Dose
rad 0 1 2 4 8 13

9Gel%

SBR 0 0 0 26.4% 71.3% 80.5%

SBR + 100 0 0 0 27.9% 67.3% 79.2%

SBR + 100P 0 --- 0 26.6% 67.2% 78.3%

(3) SBR + TMPTMA

Dose
ra j 0 1 2 4 8 13.2

GEL % 0 57.0% 69.8% 78.9% 86.5% 91.4%

S % 1 43.0% 30.2% 21.1% 13.5% 8.6%

St 1 0.656 0.550 0.459 0.367 0.29 .'

S + Si 2 1.086 0.852 0.670 0.502 0.376 . '

1/Dose 1.000 0.500 0.250 0.125 0.076
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yet unknown, but highly warranting investigation due to its
great potential, the oligomers all failed to sensitize radia-
tion crosslinking. However, the TMPTMA produced a significant
crosslinking enhancement. The effect of TMPTMA on the rubber d -
mechanical properties still was unknown, but would be revealed
in the next series of mechanical property tests.

5.4.3. BR, NR, and SBR with TMPTMA. Because of the positive
gel fraction results, TMPTMA was chosen as the crosslinking
agent for tests on different base rubbers. The BR, NR, and SBR
formulations used are given in Table 5-11. The nomenclature
used is given is Table 5-12. All the samples were irradiated
to approximately the same dose (-12 Mrads) by 2 passes under an
electron beam at Columbia Research Corporation in Gaithers- - -
burg, MD.

The mechanical property test results are given in Table 5-13.
The hot tear strength and tensile strength plotted against 200
percent modulus are shown in Figure 5-15. The hot tear
strength results showing very low values for TMPTMA filled SBR
discouraged the use of TMPTMA further as a crosslink promoter.
The NR results also showed little promise. However, the high .
BR hot tear values, along with the other qualitites of BR which
are advantageous for tank-pad application (as discussed in
par. 5.4.1.), motivated further study on this base elastomer.

The result of TMPTMA and BR gel tests are given in Table 5-14.
An alternative crosslink promoter was located. I

5.4.4. BR plus Syndiotactic-i,2-polybutadiene. To improve
the mechanical properties of single phase high cis-poly-
butadiene rubber, RB-820, a syndiotactic-1,2-polybutadiene is
chosen as a trace additive. The former is symbolized by BR,
the latter by R. Not only could this polyfuctional agent
enhance the crosslinking yield of high cis-1,4-polybutadiene
but also it can form a crystalline domain that would increase
the strength and toughness of the soft amorphous matrix.

RB-820 as developed by Japanese Synthetic Rubber containing 92
percent 1,2-vinyl unit, with an average molecular weight of
more than 100,000 and a crystallinity of approximate 25 - .
percent. RB-820 is comparatively reactive because of its
structure; that is, it has a vinyl group and a hydrogen bonded
to a tertiary carbon at the allyl position in each structural
unit.

CH=CH2
CHCHCH

CH=CH2
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Table 5-11. NR, BR, and SBR Formulations

(14) For SER and NR

Chemicals PHR 10009 Batch

SBR-1500 /N2R- 100 645.16%

ZnO 4 25.81

Stearic Acid 2 12.90

SAF, N110 Black 45 290.32

AC 1,2 0.5+0.5 3.23x2

Antozite 2 3 19.36

tTotal 155 1000.00

(15) For BE

Chemicals PHR 0OOg Batch -

BR-1500 /NR- 100 621.12

WZNO 5 31.06

Stearic Acid 2 12.42

HAP' 50 310.56

AO 1,2 0.5+0.5 6.21+6.21

Antozite 2 3 18.63

Total 161 1000.00

(16) For TI4PTMA

100g batch SBE BR NR

01 0 0 0

1 6.45 6.21 6.45

2 (BR/SBR), 4(NR) 12.9 12.42 25.8

5 32.26 31.05 ---

8.4 54.2 ------
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Table 5-12. Identification of NR BR and SBR Sample Sheets

NRBR SBR

A 0 (PHR) NR-10A BR-10A SBR-10A

B 1 NR-10B BR-10B SBR-10B

C 2 BR-10C SBR-10C
4 NR-10C

D 5 BR-10D SBR-10D

L__ 8.4 _____ ____SBR-10E
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Figure 5-15. Mechanical Properties: NR, BR, and SBR ~' *.
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The syndiotactic arrangement not only favors crystallinity but
also is less favorable than the isotactic form to cyclization
or intramolecular linking of the vinyl groups. RB-820 has the
characteristics of both rubber and plastic. Also, because of
the polyfunctional vinyls, it can be crosslinked by high energy
radiation. The crosslinked products show excellent thermal, -. .
weather, and ozone resistance. Finally, the melting point of
RB-820 is only 800 C, so it is very easy to compound or process
by ordinary rubber processing machines.

The plastic domain impedes growth of microcracks in the matrix
because the tips of growing cracks undergo plastic deformation
and dissipate the strain energy. Crystalline domains formed in
a rubbery matrix by deformation are also effective in improving
strength and toughness for the same reason. RB-820 with 25
percent crystallinity is dispersed in the BR as a crystalline
domain to remedy the shortcomings of low tear strength and poor
tensile strength of the BR.

Crystallinity in a polymer modifies the modulus curve of a
amorphous polymer above its Tg by at least two mechanisms.
First, the crystallites act as crosslinks by tying segments of
many molecules together. Secondly, the crystallites have very
high moduli compared to the amorphous parts, and behave as
rigid fillers in an amorphous matrix. Thus, the modulus
increases with the degree of crystallinity.

Most high cis-polybutadiene do not crystallize at room tempera-
ture. The reason is ascribed to the lower glass transition
temperature (Tg) of BR (-1020 C) compared with NR (-70 0 C). The
higher segmental motion of BR molecules than that of NR
molecules at the same temperature above T delays the strain-
induced crystallization of BR until very Righ elongation.
Fracture of BR takes place before arriving at the elongation
where crystallization can proceed.

The properties of elastomers are much improved by strain-
induced crystallization, which occurs only in polymers with
high stereoregularity. BR and vinyl R are both highly stereor-
egular elastomers. We expect that R has a greater tendency to
form strain-induced crystallinity than BR. X-ray diffraction
patterns comparing BR and syndiotactic-l, 2-polybutadiene and
butadiene rubber blend (RBR) samples at different extension
rates were carried out to study this phenomenon.

During stretching, the elongational stress causes the defor-
mation of crystalline domain, while the amorphous matrix
molecules are relaxed and mobile enough to achieve epitaxial .'=
growth at the domain boundaries which act as a row nucleus for
growing lamellar crystals. Lamellar crystals grow along the
direction perpendicular to the stretching direction. This is
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the so-called "shish-kebab" structure. •._d

With more finely dispersed crystalline domains, more inter-
facial boundary area exists, which provides the stretched BR
matrix with lots of nucleating sites for growth of lamellar ...

crystals. te a e a h r n o

It is important to emphasize that the presence of crystallites
is not the physical equivalent of some additional inert
fillers. This is especially true when the crystallites are
connected by primary chemical bonds to the amorphous matrix
by means of a crosslinking reaction.

The RBR formulations used are given in Table 5-15. The
irradiations were obtained at the University of Maryland cobalt-
60 gamma source under continuous flow of N2. The results of
these experiments and a discussion of the significant advances
made in the morphological studies of radiation curing for tank-
pad application are presented in the following pages.

5.4.4.1. Carbon Gel Test. The carbon gel content results are
presented in Table 5-16. This is the percent of the R-plus-BR
converted to a toluene-insoluble substance. Figure 5-16 shows
the carbon gel percent vs. dose at various crosslink promoter
concentrations. As dose increases, carbon gel increases.
Carbon gel percent against RB-820 concentration at different
doses is given in Figure 5-17 which depicts that increasing
RB-820 pphr tends to increase the carbon gel percent, although
the low dose data at 4 phr exhibit anomalous behavior. A ....

Charlesby-Pinner plot of the BR-0150 and RBR-B series is pre-
sented in Figure 5-18. From these curves we find that the gel
dose of BR-0150 and RBR-B is 1.25 and 1.0 respectively. From
Charlesby's equation the following G (crosslink) values are
obtained: 1.40 for BR-0150 and 1.75 for RBR-B. The G (cross-
link) value of BR-0150 is slightly lower than the value
reported by Bohm, et. al., probably due to the different
microstructure and radiation atmosphere. Also, the calculation
used in this work is based on the carbon gel percent instead of
normal gel percent. In addition, the ratio of G (crosslink)
values of RBR-B to BR-01500 shows that RBR-B can increase thecrosslinking density of BR-0150 about 25 percent.

From the above, it is obvious that BR-0150 is crosslinked
easily by ionizing radiation and that upon the addition
of a few phr of the thermoplastic crosslinking agent RB-820, it
is crosslinked even more readily. Indeed, the effective G (X)
for the additive in this system is 10-15. A dose of only 5
Mrad will achieve carbon gel values up to 70 percent. This.%
means less dose is necessary when compared with SBR or NR. One
more interesting observation from the Charlesby Pinner plot is i,.
that the curve is convex upward. This suggests that some
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Table 5-16. Carbon Gel Results of RBR Series

osei
Ies2 5 10 15 20 __

(b)
RBR - A 37% 74% 81% 94% 95% ". IV

RBR - B 39% 76% 90% 96% 97%

RBR - C --- 72% 88% 98% 99%
,, ;. -- -J

RBR - D --- 81% 97% 99% 100%

Note: (a) Irradiated by gamma-ray under nitrogen
atmosphere at room temperature. - .

(b) By Soxhlet extraction apparatus. •A

(c) 94% carbon Gel fraction of BRS was measured
under the same extraction condition.

.--. -..

,. ~-..

5 6 .. ,'.
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Figure 5-16. Carbon Gel% vs. Dose. BR
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intramolecular crosslinking such as cyclization takes place
simultaneously with the intermolecular crosslinking.

5.4.4.2. Mechanical Property Tests. Table 5-17 lists the
mechanical properties of radiation-cured samples containing ...
various RB-820 concentration levels. Figures 5-19, 5-20, 5-21 -. ,
and 5-22 show the tensile strength, 200 percent modulus,
elongation, and hot tear strength, respectively, against dose. %-%

The mechanical property data of sulfur cured VCR-412 and
Taktene-220 were reported by Belvoir Research & Develop-
ment Center (BRDC) (Table 5-18). Sulfur-cured BR and RBR
samples which were prepared in TSRC but were tested at the
University of Maryland are also shown in Table 5-19.

The first outstanding observation is that RBR radiation cured--
systems have a greatly increased high temperature tear
strength. The hot tear strength of the RBR series is much
as 90 percent greater than that of the sulfur cured high
cis-BR, and, astonishingly, 20 percent superior to VCR-12.
Second, the tensile strength of RBR series also shows a
remarkable improvement. For the RBR-B (Figure 5-19) series,
the tensile strength at doses under 15-20 Mrad is 14 percent
higher than that of BR and slightly higher than that of
VCR-412. Figure 5-21 presents elongation versus dose. It also
indicates the outstanding characteristics of the RBR radiation
cured system which has an elongation greater than that of BR
and VCR systems. Figure 5-20 shows that the 200 percent
modulus increases almost linearly with increasing dose. Since
the modulus is proportional to the combination of crosslinks,
this indicates that the crosslink density is proportional to
dose. The 20 Mrad samples have the same 200 percent modulus as
the sulfur-cured samples of BR. But if we increase the dose, a
higher value of 200 percent modulus is expected. These 200
percent modulus data are three to four times the values of SBR
(Figure 5-8) at the same dose level. This means that the RBR
system is much easier to crosslink by irradiation than the SBR
system.

Figures 5-23 through 5-26 present the tensile strength, 200
percent modulus, elongation and hot tear strength versus RB-820
concentration. They show that the maximum tensile strength and
hot tear strength is at RB-820 concentration of 1 phr and 4 ...
pphr, respectively. From these results we can conclude that
RB-820 improves the crosslinking density of BR to some extent,
and also improves the mechanical properties. Further insight
can be gained by plotting tensile strength and hot tear test
against 200 percent modulus, i.e., crosslinking density, as
shown in Figure 5-27 and 5-28. The highest tensile strength is
achieved in samples with 1 phr RB-820. This maximum increases, .
as noted earlier, and shifts to lower RB-820 levels as the
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Table 5-18. Sulfur-cured Polybutadiene Data from BRDC

} PPHR % .

15 PBD 15 PBD 15 pBD 15 POD

INGREDIENTS 1 2 4

Natural RSS- 10..0
Ponybutediene Rbber 

"Cis 1, 4- 1203 100.0

Diane 35 NF 100.0
USE Pal-VCR 412 100.0

TakLne 220 l00.0

Silicone Rubbers
GE" TuF EL, SE 875 '' '-

Dow Corning, TR-70.' .-
NJitrile Rubber " % .

Zatpol 2020 " 
% *

Chloroprene Rubber

Neoprene GW .

Zinc Oxide Kadox 15 4.0 4.0 4.0 4.0

Stearic Acid 2.0 2.0 2.0 2.0

SAF Black, NIlO 45.0 45.0 45.0 45.0

Red Ferric Oxide -

CA-2 Curing Agent
Di Cup R
Nagnesium Oxide

Vulcan 7H, N-234 B1ac" .

Sundex 790

Octmine "

Suirur, Rubber iakeraI 2.0 2.0 2.0 2.0

Santocure 1.5 1.5 1.5 1.5

YNTD, Metyl Tuode

Antozite 2 3.0

Agorite Resin 0 0.5

Agrite White 0.5 .
Sentoflex 13

Vuiox H(I

Cure Conditione
minutee/Tep oV 20/30D 15/300 15/300 15/300
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Table 5-19. Mechanical Properties of S-Cured Series, BR

Mechanical BRS<6> RBRS-B RBRS-C
Properties .

! ~Ho Tear Strength " .

10 min @ 250OF 138±23% 128±14% 127±10%

200% Modulus 780 513 531i (psi)

Tensile Strength 1747±16% 1686±9% 1797±13%
(psi)

Ultimate 350 423 457
Elongation (%)

NOTE: (1) "BRS" means BR-0150 under sulfur curing,
"RBR-S" means RB-820 blended with BR-0150
under sulfur curing.

(2) Curing condition: 160 0C, 6.7 minutes.

(3) Standard deviation is within ±7% unless
otherwise indicated.

(4) 3 samples at each data point unless otherwise
indicated by a superscript number in paren-
thesis.
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modulus increases up to 800-1000 psi. Above 1,000 psi, the
tensile strength decreases at an increasing rate as crosslink
density increases.

'S

The effect of RB-820 on hot tear strength is similar in that
hot tear strength increases as crosslink density increases up
to 400-500 psi and then decreases as the crosslink density in- ..
creases. The optimum RB-820 concentration is 1-4 phr.

The results indicate that the physical properties initially .
improve as the crosslink density increases, and after achieving
a maximum value they then decrease with further increase in the
crosslink density. The maximum hot tear strength is obtained
at lower dose than tensile strength which coincides with the
SBR. Figure 5-29 shows that stress-strain comparison of
RBR-20-B to BR-0150. Without any doubt, RBR-20-B is superior
to BR. -

5.4.4.3. Heat Treatment. Heat treatment of irradiated pure
syndiotactic-l,2-PBD has been investigated at the UBE Hirakata
Laboratory. A great change in mechanical properties is
obtained by irradiation and further improvements are observed
after post-irradiation heat treatment above the melting
temperature. Heat treatment is found to bring about a remark-
able increase in hardness, tensile strength, and elastic
modulus.

The RBR-heat treated (RBR-HT) series was heated at 900C, 1200C,
and 200 0C for 0.5, 1, and 1 hr respectively in nitrogen atmo-
sphere after a 10 Mrad dose irradiation. Tensile strength, 200
percent modulus, and percent elongation are presented in Table
5-20. Figure 5-30 shows the tensile strength versus RB-820
pphr at different heat treatment levels. Normally it decreases
as temperature increases except for the RBR-B-HT-200. This is
in agreement with the results from Blow. The percent elon-
gation against RB-820 is plotted in Figure 5-31 and a similar
tendency is obtained. The most interesting observation is seen
in Figure 5-32 which shows the 200 percent modulus versus RB820
pphr. In this figure the first two curves of 900C and 120 0C
have the same trend as mentioned before, but the 200 0C heat
treatment modulus jumps to twice that of the non-heat treated
samples. This phenomenon was observed at the UBE Laboratory.
Analyses of infrared spectra of heat treated and untreated
samples show that the vinyl groups are seen to decrease while
the CH2 groups increase upon heat treatment (Figure 5-33).
Obviously, these structural changes can be assigned to be
essentially a cyclization reaction in which the vinyl group
plays an important role. Figure 5-31 also shows that an
increase in RB-820 concentration increases the 200 percent %"%
modulus which gives more evidence of intermolecular cross-
linking.
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One additional noteworthy observation from Figure 5-19 is that
the maximum tensile strength of the radiation-cured RBR sample
is 10-15 percent higher than the sulfur-cured sample. This is
better than the data reported by Bohm that irradiated elasto-
mers have tensile strength 10 percent lower than that of
equivalent sulfur-cured samples. This high tensile strength is
probably caused by the crystalline domain of R dispersed in the
BR amorphous matrix (as discussed earlier in this section).

5.4.4.4. X-Ray Diffraction. This effect can be illuminated by
the X-ray diffraction pattern of the BR and RBR series. Figure
5-34 shows these patterns. The members of the BRS series show
the amorphous halo ring for E.R. = 1, 2, 3, and 4; the halo
gets dimmer as the extension ratio increases. A surprising b
result is obtained with the RBR-D series. For extension ratio
higher than 2, diffraction spots appear on the equator, the
spots getting clearer as the ratio increases. This is excel-
lent evidence that the deformation accelerates crystallization
of BR matrix so that when irradiated RBR elastomer confronts .?

the foreign stress, the strain induces the crystallinity. The
stronger the foreign stress, the higher the crystallinity.
This leads to the requirement of a higher tensile stress and
tear stress until break. A further valuable insight is gained
when the X-ray diffraction patterns of RBR sulfur-cured
formulation B (RBRS-B) and RBR-formulation B (RBR-B) series are
compared. The RBR-B series show the diffraction spots on
the equator from E.R. = 2, the same effect as RBR-D series, but
for RBRS-B series no such effect happened. This is great
evidence that the radiaton-curing technique has the ability to
increase the strain-induced crystallinity while the sulfur-
curing system does not. These results were expected as
confirmation that the ability of R to induce crystallinity in
BR upon extension is the major reason for the improved physical
properties of RBR over BR. The unexpected result is that drawn
RBRS yields no crystallinity, indicating that the sulfur
crosslinks interfere with the formation of crystalline domains
in the drawn samples. It is indeed regrettable that these
developments did not come at a point when they could be used to
specify the formulation for the 200 pad assemblies to be
delivered by June 30. It should be emphasized that the
achievement of crystallinity in physically blended, radiation-
cured elastomers (while sulfur curing inhibits crystallization)
is a significant discovery in the morphological studies of
radiation curiLig for pad application. A disclosure uocument
for this new material has been submitted to the U.S. Patent
Office. We are considering a patenL application. (see -. * -
APPENDIX A) "'

5.4.5. Dose Requirements for Partially Sulfur Cured Pads.
Firestone informed us at a very late date in the contract
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that they found it necessary to use one-third of their normal
4 sulfur loading to insure that the pads would be removable from

the molds without distortion. This left us with the task of '
determining the adhesion between pad and backing plate as well
as the dose required to complete the cure which the 0.5 phr
sulfur loading had commemced. The first step was to determine
the mechanical properties of partially cured SBR. These are
reported in Table 5-21.

The second step was to irradiate our tank-pad model compound,
26-3, which seemed to fairly well represent the actual pads, to
5 Mrad dose increments and measure the resulting mechanical
properties. These are reported in Table 5-22 and plotted in
Figure 5-35 through 5-38. once the tank-pads had been prepared
by Firestone, only days before the irradiations were scheduled,
we were able to irradiate samples from actual pads to dose
increments and measure their mechanical properties to compare
with the model compound data. This data is in Table 5-23 and
is also plotted in Figure 5-35 through 5-38.

From these data it was decided that a dose of 10 Mrads would be
a reasonable initial dose to complete the cure of the tank-.
pads. At this dose, the 200 percent modulus is over 400 psil
the tensile strength is approaching 3,000 psi and the hot tear
strength has reached its optimum plateau. However, we brought
back some of the pads irradiated to 10 Mrads and performed
additional mechanical properties test as well as irradiating
the pads to higher dose increments by electron beam at CRC.
(see Table 5-24 and Figure 5-35 through 5-38). We concluded
that it would be more reasonable to irradiate one-half of the
200 pads an additional 5 Mrads. The hot tear strength remains
high and both 200 percent modulus and tear strength move into
what appears to be a more optimum range. As a result, we sent
two sets of pads to Yuma for field testing. This should yield
the maximum level of information from the field test.

85

.- 4

e-J .e d*-



Table 5-21. Mechanical Properties -Partial Sulfur Cure Only

Fully Cured Analogs (1) (2) (3)...
15 SER 26 etc NB-9071 26-3 TP-S

200% Modulus (psi) 550- 750 275 75 215
Tensile strength (psi) 2800-3800 1790 2120 2050
% Elongation 500- 525 -820 825 780 ~
Hot Tear (lb/in) 115- 145 --- 97-
R.T. Tear (lb/in) 300- 315 --- ---

Hardness (IRHD) 65- 70 50 -7
B. Rebound M% 35- 40 32 -----

NOTES: (1) A Firestone formulation similar to 15 SBR 26 with
1/3 of normal S level.

(2) Tank pad model compound: 0.5 phr S; 0.1 phr DTTJD
(3) Average data from actual pads cured only with

sulfur (slices from rubber face *of pad).

Table 5-22. 26-3 Plus Radiation Cure

0 5 10 15 20 25 30
Mrads Mrads Mrads Mrads Mrads Mrads Mrads

Tensile Strengh, 2120 2636 3070 3395 3580 3770 3680
psi

200 % Modulus, 275 370 500 655 780 955 1030
psi

Elongation, % 825 740 665 610 570 525 490

Hot Tear, lb/in, 97 175 180 182 146 183 107
(250 0F, 10 min) t15 ±5 ±6 ±24

Table 5-23. Tank Pads Plus Gamma Rays

0 5 10 *

Mrads Mrads Mrads ,

Tensile Strength, psi 2050 2500 2850
200% Modulus, psi 215 265 342 ',
Elongation, % 780 670 640
Hot Tear, lb/in, 2500, 153 169

10 min
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Table 5-24. Tank Pads Plus Electron Beam

10 14 18 22 26
Mrad Mrad Mrad Mrad Mrad
(IRT) (CRC) (CRC) (CRC) (CRC)

Tensile Strength, 2820 3000 3055 2790 2906
psi

200 % Modulus, 430 503 539 621 673
psi

Elongation, % 610 580 560 500 485

Hot Tear, lb/in, 170 182 177 165 83
(250 0F, 10 min) % .e-

.* ..
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DISCLOSURE DOCUMENT

Radiation Cured Blend of Butadiene Rubber

and Syndiotactic Poly (1,2 Butadiene)

We claim the invention of a new elastomer. It is composed

of poly (cis-1,4-butadiene), commonly known as butadiene rubber

(BR) blended with a small concentration of poly (syn 1,2

butadiene) and cured by ionizing radiation. Other additives

comironly used in the formulation and processing of rubber (carbon

black, antioxidants, antiozonants, etc.) may also be present.

However, the use of chemical crosslinking agents (sulfur,

peroxides, etc.) is unnecessary, although a small concentration

may be useful in the molding operation to reduce cold flow.

The new elastomer has physical properties markedly superior

to those of sulfur-cured blends of the two components cited

& bove, and to those of sulfur cured BR as well. This is partic-

ularly true for such automotive applications as pads for military

tank track.

BR filled with carbon black is an excellent elastomer

insofar as its heat dissipation properties are concerned.

However, its low tensile strengh and hot tear strength render it

unsuitable as a pad for track of a milit'ary tank. The major

reason for the failings of BR is that there is little or no

crystal formation in extended BR up to the break point. The

thermoplastic additive syndiotactic poly 1, 2 butadiene (R) is

A-2
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semi-crystalline. Also the pendant vinyl groups on R make it an

excellent candidate as a sensitizer for crosslinking. Still

further, the syndiotactic arrangement tends to inhibit intra-

chain cyclization relative to the formation of inter-chain

links. we find that a combination of sulfur and an accelerator

performs the expected cure in R-BR blends. Also in blends

without these two additives 10-20 Mrad doses of ionizing radi-

ation also produce ccmplete cures. However, our x-ray dif-

fraction studies show that the sulfur-cured blends exhibit no -

crystallinity even at an extension ratio of 4, while the radi-

ation cured blend has readily detectable crystallinity at

extension ratios Z 2. As expected, the tensile strength and | -

especially the hot tear strength of irradiated blend is superior .

to that of the sulfur-cured equivalent. It appears that the

sulfur crosslinks unexpectedly interfere with the formation of

crystalline domains in the drawn samples.

The data supporting these observations and conclusions are

presented in Tables 1-4.-.

Kuo Jen Su % '-
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A. Calculation of Activity
1. 3/4" plywood attenuation

a. R = (0.56 g/cm3 )(3/4".2.54 cm/in) = 1.07 g/cm 3

= 0.53 Eattn - 0.106

b. Eattn = 2.2 MeV

c. 12 MeV --- (3/4" plywood)--+ 9.8 MeV; No
ACTIVATION

2. 1/2" Plywood Attenuation 54
a. activation Rctn: Mn 55(¥-n)-4 Mn 54 Ethreshold

= 9.85 MeV

b. % steel activated: '
1. 10.6 MeV - 9.85 MeV = 0.75 MeV 4 x=0.037cm
2. 0.037/[1/8".2.54cm/in] * 12% of steel is

activated before e- drop below Ethreshold .

c. e fluence (10 Mrads)
D = (0) (s/p); ''
(dose) (fluence) (stopping power)

D/(s/p) = (0.63"10 15MeV/a)( 1.5 eV02•  ,.:

= 0.42.1015 e-/cm2

d. radioactive Mn atoms (N)
N = (NO ) (0) (a) = .

(#Mn/g) (cross section)
(1020 Mn atoms)(4.2.101 4 e-/cm 2 )( 4 .10- 27cm2)

g steel 137
= 1.2 • 106 Mn54/g steel

e. Activity
N" = (N)(time constat) = (1.2.106) [0.693/

313 days. 8.64-10 sec/day])

= 3.10-2 decays/s-g steel [for all of 1/8".
steel] ' V

N = (3.10-)(0.12 activated steel) =
unaffected steel

3.7.10-3 decay/s-gm steel
= 0.1 picocuries/g steel
= 80 picocuries/pad 4---
= 20 nanocuries/250 pads

NOTE: NBS Data: s/p(Mn) = 1.5 MeV ci/gi 4.10 - 2 7 cm2 (1-n
10.6-9.8 MeV); 10 Mrads = 0.63.10 MeV/g; fine structu- "-.
re cont. = 1/137 for (e -n) reaction.
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Dose Depth

PdLvl(Mi-ads) (mm)

1.1 2.94 2.92 2.99 3.14 0.0 0.0 0.0 0.0

3.50-9.3

3. 5 1.

1. . 9 3 2 3 2 . 21 .0 1 . . .

3 . 3 6.

3. 7 7.

1.3 3.8 35134 35 4 4 6 124 2 1 .

1. -- 32 35..--C---E2 2

3.26- 43.

M 11

11 .6 3.01 25 0.91D63 3. 6 50 . 8 46.5 45.7 38.6

Experimental Dose Depth Data. ~"plywood on each side of
the pad (Pad No. 1). 12 MeV electron beam.

-C-3

%

elC- 3
a.%
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61 
Doe 

eph

VA

Pad~~~~~ Lee -ad)(

6" 3.06 0.0
2.8 0.0.d

0 . . .
2.1 .94 .86 .98 .08 .0 0 0 0. 0.

2.1 2.9 4 22329 30 . .0 0. 00

2.3 2.90 3.01 0.355 3.51 45.3 44.5 437 47.1

3.4 plyoo 36selfae.a6o.2. 1 eVeeto

2. 32 3.3 -. 0 3348 5 4 . 2 1 3 .

42.

3 53., MIN



'41 % "

.' ,,

"I,

I., ..

I....-.

APPENDIX D

DOSE DEPTH THEORETICAL PROFILES
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2 3 4
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Theoretical Dose Depth Profile. 10.0 MeV ,ZJ '
Dmax/Dmin =2.55 Dmax/Dsurface =1.51
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1/8" steel

10-

% Energy
Deposited

6 -- ,\ 1..1

D3, .-

/ \ C

31 2 3 4 5 :-..
cm of Rubber -.

Theoretical Dose Depth Profile. 10.25 MeY

Dmax/Dmin = 1.76 Dmax/Dsurfac e = 1.51 "...-
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10-

%Energy
Deposited

4 ",

C)12 3 45
cm of Rubber

Theoretical Doze Depth Profile. 10.5 MeV

DmaxDmi 1.53 Omax/Dsu~rface 1.53

D-.4-.:.
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Deposited -- "" "



12p 1/811 steel

%Fnergy
Deposited

4 I4

cmT of Rubber

Theoretical Dose Depth Profile. 10.75 MeV

Dmnax/Dmin =1.80
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PAD FORMULATION AND RHEOMETER CURVE . .
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Pad Formulation '

Firestone Weight
Code Material (pphr) Weight

5750 mb
S-1500 SBR 100.00 '280.00
677 N-110 carbon black 45.00 126.00
660 Zinc oxide 4.00 11.20
54 Steric acid 2.00 5.59
12,202 Antiozite 2 3.00 8.39
1205 Agerite white 0.50 1.40
4,340 Agerite resin D 1.00 2.80 .- -

155.50 435.38

5750 mb 155.50 430.00
*EP553 Special Ingredient (DTUD) 0.10 0.28 .-.

11 Sulfur 0.50 1.38
Accelerator (proprietary) 0.50 1.38
Accelerator (proprietary) 0.70 1.94

157.30 434.98

t..
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